A B S T R A C T To investigate the mechanisms which enable the diaphragm to preserve ventilation when the work of breathing is elevated, we measured diaphragmatic blood flow (0 di) and oxygen consumption (Vo2 di) in lightly anesthetized dogs. The animals were studied when they breathed quietly, when they inhaled 5% CO2 in 21% or 14% 02, or when they inhaled these gas mixtures through moderate to severe inspiratory resistances. Q di was determined from the integrated diaphragmatic arteriovenous difference of krypton-85, by the Kety-Schmidt technique. V02 di was calculated as the product of Q di and the diaphragmatic arteriovenous oxygen difference ([A-Vy02 di). Alteration in these parameters consequent to augmentation of ventilatory effort were compared with concomitant alterations in diaphragmatic electrical activity (EMG di) and an inspiratory pleural pressure-time index (PPTI).
A B S T R A C T To investigate the mechanisms which enable the diaphragm to preserve ventilation when the work of breathing is elevated, we measured diaphragmatic blood flow (0 di) and oxygen consumption (Vo2 di) in lightly anesthetized dogs. The animals were studied when they breathed quietly, when they inhaled 5% CO2 in 21% or 14% 02, or when they inhaled these gas mixtures through moderate to severe inspiratory resistances. Q di was determined from the integrated diaphragmatic arteriovenous difference of krypton-85, by the Kety-Schmidt technique. V02 di was calculated as the product of Q di and the diaphragmatic arteriovenous oxygen difference ([A-Vy02 di). Alteration in these parameters consequent to augmentation of ventilatory effort were compared with concomitant alterations in diaphragmatic electrical activity (EMG di) and an inspiratory pleural pressure-time index (PPTI).
Addition of inspiratory resistances combined with inhalation of CO2 usually increased Q di and consistently increased V02 di, EMG di, and PPTI, the maximum increases being approximately 400-1,600% above control levels. In individual animals, as inspiratory resistance was increased, V0o, di, EMG di, and PPTI rose in direct proportion to each other.
In the group as a whole, during resistance breathing the oxygen requirements of the diaphragm were met by a combination of increased [A-Vy02 di and Q di. Unlike other skeletal muscles, oxygen extraction tended to plateau at peak loads, whereas blood flow continued to rise as PPTI and Vo2 di increased. We conclude that augmentation of perfusion permits the diaphragm to sustain high levels of contractile effort when the work of breathing is increased.
INTRODUCTION
Preservation of respiratory gas exchange in diseases which increase the work of breathing depends on the Dr. Bettini's present address is Department of Anesthesiology, Roosevelt Hospital, New York 10019.
Received for publication 12 February 1975 and in revised form 3 November 1975. ability of the respiratory muscles to sustain high levels of effort for prolonged periods. The determinants of respiratory muscle endurance under these circumstances are not known. When limb skeletal muscles perform rhythmic work, their ability to sustain effort appears to depend on muscle blood flow, since at very high work rates blood flow fails to increase in proportion to energy expenditure and fatigue ensues (1) (2) (3) (4) . Tenney and Reese have postulated that these same considerations hold for the respiratory muscles (5) , but no data are available to test this hypothesis.
Recently methods have been devised to measure diaphragmatic blood flow (Q di)' and oxygen consumption (Vo2 di) in the dog (6) . Quantification of these parameters during intense inspiratory efforts would provide valuable insight into the mechanisms by which the diaphragm sustains respiration in the face of increased work loads. The purposes of this report are to describe the alterations in Q di, oxygen extraction, and V02 di consequent to graded increases of inspiratory airflow resistance, and to correlate these alterations with the electrical and mechanical manifestations of diaphragmatic contraction. In addition, the increase in diaphragmatic energy expenditure resulting from stimulation of the respiratory chemoreceptors will be assessed. METHODS Animal preparation. These studies were performed in 21 adult mongrel dogs which weighed [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] kg. The animals were initially anesthetized with pentobarbital, 25 mg/kg in- (6) . The blood krypton concentration was determined by the method of Hardewig et al. (7) .
Blood flow per 100 g of diaphragm (Q di) was calculated from the equilibrium tissue concentration and the area (A) between the arterial and inferior phrenic venous tracer washout curves. The tissue tracer level was estimated from the phrenic venous blood krypton concentration (Ceq) and the blood-muscle solubility coefficient X, taken as 1.0 for krypton-85, with the following equation:
Q di = 100 X X X Ceq/A, ml X min-' X 100 g'1. (1) Justification for these assumptions has been discussed in full elsewhere (6 The reproducibility of EMG di during periods of quiet breathing and augmented respiration throughout any given study suggested that the contact between muscle and electrodes was not significantly affected by the motion of the contracting diaphragm. In addition, electrical activity in any one part of the diaphragm has been shown to be representative of the remainder of the muscle (12) . At necropsy the sites of electrode attachment were carefully examined. In each animal electrodes remained firmly attached to the diaphragm and there was no evidence of bleeding at the site of the attachment.
To quantify electrical activity, the height of the integrator step was measured for each breath. These were summed over several minutes in a given study period, and electrical activity for each period was expressed as the average total electrical activity per minute, in arbitrary units of millimeter paper deflection per minute. To compare results among animals, activity measured during quite breathing was designated "control" and values in other periods were expressed as percent of control values.
Pleural pressure-time index (PPTI). The magnitude and duration of the tension developed by the diaphragm during inspiration was assessed from the inspiratory component of pleural pressure in 10 dogs. Pleural pressure was measured through a mushroom catheter which was introduced into the pleural space through a surgical incision in the sixth right intercostal space. The catheter tip was adjusted so that it lay halfway between the sternum and the spine. The surgical incision was closed in layers and any residual pneumothorax was expelled through the catheter by hyperinflating the lungs with a manual breathing bag (Ruben valve, Air Shields Inc., Hatboro, Pa.).
Pleural pressure was recorded for 10 breaths in each study period (Fig. 1) . The end-expiratory pressure was taken as base line. The area between this level and the pressure developed during inspiration was measured, and the average area of 5-10 breaths was calculated. In most studies the area under the inspiratory pressure curve was determined by graphic integration, by using the level of pressure at every 0.1-s time line. In two animals the area calculated this way was checked by planimetry; the difference between the two methods was less than 5%. The PPTI was calculated as the product of the area under the inspiratory curve per breath and the respiratory rate. This represents the average pressure developed per minute by the inspiratory muscles; its units are centimeters H20. Minute ventilation (VE), inspiratory resistance, cardiac output. VE was measured by collecting the expired air in a Tissot spirometer. To this end, the endotracheal tube was attached to a low-resistance, low-dead space directional valve (Lloyd valve, Warren E. Collins, Inc., Braintree, Mass.). The expiratory line was connected to the spirometer. The resistances were added to tubing leading to the inspiratory limb of the directional valve.
The resistances used were rubber stoppers with three different orifice sizes (RI, R2, R2). (n = 20, r =-0.70, t = 4.13, P < 0.001).
In six animals, cardiac output averaged 172+4SD 56 ml/min-kg during quiet breathing and 1564SD 48 ml/min-kg while the animals inspired through the moderate resistance. The difference between periods was not significant (P > 0.6). During resistance breathing cardiac output was 3-22% below the control values in five animals and was 26% above the control value in one dog. There was no consistent relationship between cardiac output and Q di (P > 0.7).
During hyperventilation and resistance breathing, the oxygen requirements of the diaphragm were met by a combination of increased Q di and increased [A-Vy02 di. This is particularly evident when these parameters are plotted as a function of the PPTI, which reflects the force of contraction of the diaphragm (Fig. 2) . The relationship between diaphragmatic Q di and PPTI in Fig. 2A Vo2 di was also compared with the magnitude and duration of pleural pressure developed during inspiration. As with EMG di, there was a close linear relationship between Vo. di and PPTI in individual dogs (Fig. 3B) . Moreover, unlike the relationship with EMG di, the correlation between Vo2 di and PPTI development remained linear when the results from 27 runs in 10 dogs were pooled (Fig. 4) .
In (Table III) DISCUSSION Q di. The major finding of this study is that Q di generally increased in proportion to the energy requirements of the diaphragm. This result must be considered in light of factors which are known to influence blood flow in the diaphragm and other skeletal muscles.
During quiet breathing, Q di in anesthetized dogs appears to depend on cardiac output (6, 9) . In addition, when ventilation is augmented by inhalation of carbon dioxide, it is possible to demonstrate, by multiple regression analysis, that Q di flow is a significant joint function of cardiac output and increased contraction of the diaphragm (9) .
In the present study cardiac output was measured in six dogs. In (6) and in eight whose abdomen had been opened. Neither at quiet breathing nor during hyperventilation were the levels of Q di different in the two groups of animals (P > 0.1).
The level of anesthesia may have depressed Q di by lowering cardiac output and VE (14) . The finding that Q di during resistance breathing tended to decline or to increase only slightly when the control Paco, was high (Table II, Eq. 3) supports this hypothesis. Since most dogs were given carbon dioxide while they inhaled through the inspiratory resistance, they de- (15, 16) , while systemic hypoxemia appears to have no influence (17) . We used multiple regression techniques (18, 19) Chemical and mechanical factors within contracting muscle are thought to have -a profound effect in the hyperemia of exercise. Metabolic and electrolyte changes are important in limb muscles (20, 21 ), but we have no data concerning the effect of these metabolites in the diaphragm.
Mechanical factors include the effect on muscular arteries and veins of the tissue pressure developed during contraction (22) (23) (24) and pinching of nutrient vessels by fascial planes (25) . Even though tissue pressure during contraction may greatly exceed systolic arterial blood pressure (24) VO2 di, EMG di, and tension development. Whenever ventilatory effort was augmented, by carbon dioxide inhalation alone or combined with an inspiratory resistance, Vo2 di and EMG di and the magnitude of pleural pressure developed during inspiration increased. In individual animals these parameters increased in proportion to each other (Figs. 3A, 3B) , and the magnitude of each parameter rose progressively as the animals hyperventilated without resistance, inspired through a moderate resistance, and inspired through a severe resistance. However, for the group as a whole, there was considerable overlap in the degree of increase in Vo. di, EMG di, and pleural pressure development during the different study periods.
Previous observations of limb skeletal muscle indicate that force of contraction, integrated electrical activity, and oxygen consumption are directly proportional to each other (27) (28) (29) (30) (31) . Proportionalities between oxygen consumption, electrical activity, and the force of contraction have also been demonstrated for inspiratory muscles. The increment in total body oxygen consumption during induced hyperventilation or resistance breathing is proportional to EMG di in the rabbit (32) and to inspiratory muscle force in man (33) . EMG di is also proportional to transdiaphragmatic pressure in man (34) . Hence, the proportionalities found in the present study confirm results of previous investigators.
The coefficients of proportionality among muscle oxygen consumption, electrical activity, and tension development are subject to variance from a variety of sources. Fatigue and reduced oxygen delivery to muscle tend to reduce tension in relation to either oxygen con-l sumption or electrical activity (30, 35, 36) . These factors could not be evaluated in the present study.
Mechanical factors, including the length-tension relationship of the diaphragm, the velocity of shortening during contraction, and the radius of curvature of the diaphragm might also have modified the relationships between V02 di, EMG di, and pleural pressure development (27, 34, (37) (38) (39) . We were unable to identify gross changes in the shape or position of the diaphragm just before contraction in the different study periods. Because we were limited to fluoroscopic observation in a single plane, it is possible that positional changes sufficient to produce significant mechanical effects were overlooked.
Some sources of variance in the data may have resulted from the techniques employed in the study. Determination of both Q di and V02 di depend on the quality of the blood samples obtained from the left inferior phrenic vein. When proper catheterization procedure and sampling rate are used, contamination with inferior vena cava blood is not a problem (6) . Further, the left inferior phrenic vein does not have significant anastomoses with other venous beds, and its drainage appears to be representative for the bulk of the left hemidiaphragm (6) .
The method for recording EMG di probably accounted for the marked variations between animals in the relationship between Vo2 di and EMG di. Even when both parameters are expressed as a percent change from control value, considerable variation remains (Eq. 5). This most probably results from differences among animals in impedance at the electrode-diaphragm contact, since the range of EMG di recorded during quiet breathing varied 12-fold (Table I ). In contrast, there is no evidence for significant variation of electrode impedance in individual animals, since under similar physiologic conditions, similar levels of EMG di were observed.
We used the pleural pressure developed during inspiration as an index of diaphragmatic tension development. This procedure might be questioned on the grounds that pleural pressure is asymmetrically distributed at end-expiration and during inspiration (40) (41) (42) Contraction of the extradiaphragmatic inspiratory muscles might also be considered to affect the rela-tionship between inspiratory pleural pressure development and V02 di. However, whenever negative inspiratory pressure is developed, whether by the diaphragm alone or in concert with inspiratory intercostal and accessory muscles, the diaphragm must develop sufficient tension to balance the pleural pressure. Therefore, contraction of extradiaphragmatic inspiratory muscles should not affect the relationship between diaphragmatic tension and pleural pressure except indirectly, by stabilizing the thoracic cage. The magnitude of thisindirect effect could not be assessed in this study.
The high degree of correlation between Vo2 di and the PPTI is in keeping with the relationship between myocardial oxygen consumption, ventricular cavitary pressure, and heart rate (43) . It is also in agreement with the relationship described by McGregor and Becklake between respiratory muscle oxygen consumption and the force of contraction of the inspiratory muscles (33) .
The energy metabolism of the diaphragm should reflect that portion of respiratory center output transmitted by the phrenic nerve, since muscle oxygen consumption and innervation rate are proportional (28) . Thus, an increase in carbon dioxide stimulation of the respiratory chemoreceptors should be accompanied by an increase in respiratory muscle oxygen consumption. In each animal AVo2 di/APaCO2 was positive, but there was considerable scatter in the value of the ratio (Table III) . Modifiers of the response to carbon dioxide which may have been operative under the conditions of this experiment include variation in level of anesthesia (14) , degree of hypoxemia (44, 45) , stimulation of lung irritant or J receptors (46) , and possibly the magnitude of inspiratory resistance. The relative contributions of and interactions between these modifiers of the carbon dioxide response could be assessed only to a limited extent. The ratio AVo2 di/ APaco1 did not correlate with either the control level of Paco2 or with the degree of hypoxemia in either control or resistance breathing periods. However, the increase in V0o di induced by the moderate resistance was inversely related to the control Paco2 (Eq. 9), which implies a depressant effect of anesthesia. The presence of a resistance seemed to increase AVo, di/ APaco2 slightly for the group as a whole, but not in animals in which measurements were made both in simple hyperventilation and with moderate inspiratory resistance (Table III) . These results are consonant with those of previous investigators who showed that the inspiratory muscle work and energy expenditure responses to carbon dioxide were unaffected by airway resistance (47, 48) .
Conclusions. The observed changes in Q di during resistance breathing provide further insight into the nature of the diaphragm and its ability to sustain contraction at high resistive loads. The oxygen requirements are met by an increase in blood flow and an increase in oxygen extraction. In this regard the diaphragm resembles other skeletal muscles (1). However, at higher levels of tension development, extraction of oxygen by the diaphragm tended to plateau (Fig.  2B) , whereas Q di continued to rise (Fig. 2A) . This behavior is unlike limb skeletal muscle (1, 3) . It suggests that the diaphragm resembles the heart in that it depends on perfusion to meet its oxygen needs. The biochemical properties of the diaphragm are also more like the heart than limb skeletal muscle in that its enzymes heavily favor aerobic metabolism (49) (50) (51) (52) . Thus, both the vascular and biochemical components of the diaphragm are apparently well suited to endurance work. This is undoubtedly an important defense against the development of respiratory failure.
Finally, the proportionalities between Vo2 di, EMG di and intrathoracic pressure should be of value to the investigation of acute respiratory failure in man. Both EMG di and intrathoracic pressure can be measured in very ill patients, by using intraesophageal electrodes and balloons. Changes in the level of either parameter in response to respiratory center stimulation or to a therapeutic intervention can be considered to reflect a comparable change in diaphragmatic metabolism. For EMG di the alteration can be expressed only in relative terms, but levels of pleural pressure provide an absolute index of diaphragmatic energy expenditure.
